This study was undertaken to test the potential role of changes in lipoprotein lipase (LPL) activity in the mammary gland and adipose tissue around parturition and lactation on the uptake of ␣-tocopherol in the rat. Plasma levels of ␣-tocopherol and triglycerides were higher in 20-day pregnant rats than in virgin rats, whereas its concentration was higher in the mammary gland of the former, and no differences were detected in adipose tissue between the groups. After an oral ␣-tocopherol and triglyceride load, both appeared in plasma faster in pregnant rats than in virgin rats, the change being even faster for ␣-tocopherol than for triglycerides. After 24 hours, both ␣-tocopherol and triglycerides in d < 1.006 lipoproteins were higher in pregnant rats than in virgin rats, LPL activity was higher in the mammary gland, and lower in adipose tissue in the former, whereas ␣-tocopherol concentration also appeared higher in the mammary gland of pregnant rats, and no differences were detected between the groups in adipose tissue. At day 13 of lactation, an oral load of ␣-tocopherol and triglycerides caused a higher increase of plasma ␣-tocopherol levels than triglycerides, and this effect decreased when rats had their litter removed 48 hours before analysis. In these litter-removed rats, the appearance of ␣-tocopherol and triglycerides in plasma was higher in d < 1.006 lipoproteins than in lactating rats. Also, both LPL activity and ␣-tocopherol concentration in the mammary gland plus milk was lower in litter-removed rats than in the lactating rats, whereas LPL in adipose tissue was higher in the former, although no difference in ␣-tocopherol was found. Thus, data are consistent with the role of LPL activity in the mammary gland modulating the uptake of ␣-tocopherol during pregnancy and lactation, although this is not true in adipose tissue.
T
HE LIPOPROTEIN LIPASE (LPL) attached to the surface of capillary endothelium has been proposed to play a role in the delivery of ␣-tocopherol to extrahepatic tissues, carried in triglyceride-rich lipoproteins, chylomicrons, and very-low-density lipoproteins (VLDL) (d Ͻ 1.006 lipoproteins). 1 In fact, subjects having LPL deficiency have both elevated plasma tocopherol in the triglyceride-rich lipoproteins 2 and low tocopherol content in adipose tissue, 3 suggesting an impaired delivery of tocopherol to tissues. Furthermore, muscle overexpression of LPL in transgenic mice results in increased ␣-tocopherol in skeletal muscle. 4 However, ␣-tocopherol present in other lipoproteins may be taken up by different tissues by means of their respective uptake throughout their corresponding receptors. This seems to be especially so in the case of LDL receptors, 3 although Watenabe rabbits, lacking functional LDL receptors, have normal tissue ␣-tocopherol concentrations, 5 indicating the existence of alternative mechanisms for the delivery of ␣-tocopherol to tissues.
The hyperlipidemia of pregnancy involves most prominently an increase in triglycerides in all lipoprotein fractions, 6 as well as the predominance of small and dense LDL particles. 7, 8 These small and dense LDL particles are more susceptible to oxidation, 9 which together with hypertriglyceridemia during late pregnancy, are associated with enhanced peroxidation products and antioxidant defense systems. [10] [11] [12] [13] [14] The higher level of peroxides during normal pregnancy are accompanied by a higher level of ␣-tocopherol compared with nonpregnant women. [11] [12] [13] [14] [15] [16] [17] Hypertriglyceridemia in pregnant women has been associated, among other factors, with decreased LPL activity, 6, 18 which under the base of studies in rats, has been shown to correspond to its decrease in adipose tissue. [19] [20] [21] Maternal hypertriglyceridemia rapidly ceases around parturition, 6 when there is a rapid increase in the mammary gland LPL activity and mRNA expression, whereas LPL activity in adipose tissue remains low. 22, 23 These combined changes facilitate an enhanced uptake of circulating triglycerides by the mammary gland instead of being stored in adipose tissue. 24 A similar fate could be proposed for ␣-tocopherol, because adipose tissue constitutes its main store in the body, 25 shows the highest LPL activity under nonpregnant conditions, 26 and also ␣-tocopherol becomes highly enhanced in the mammary gland around parturition, as suggested by its increased concentration in colostrum as compared with mature milk. [27] [28] [29] Therefore, the present study was undertaken to determine the potential relationship between changes in LPL activity in adipose tissue and the mammary gland as compared with their content of ␣-tocopherol during late gestation and midlactation in the rat. Because litter separation at midlactation causes an abrupt and opposite change in LPL activity in the mammary gland and adipose tissue, [30] [31] [32] this strategy was also used to determine its effect on ␣-tocopherol content in these tissues. Results show that around parturition and during lactation in the rat, changes in ␣-tocopherol content in the mammary gland correlate with tissue LPL activity, suggesting a direct relationship, whereas this is not the case in adipose tissue, where major changes in LPL activity are not followed by parallel changes in its content of ␣-tocopherol.
MATERIALS AND METHODS

Animals
Female Wistar rats from our animal quarters were fed a standard diet (B&K Universal, Barcelona, Spain) and housed under controlled light and temperature conditions (12-hour light/dark cycle; 22°C Ϯ 1°C). The experimental protocol was approved by the Animal Research Committee of the Universidad San Pablo-CEU in Madrid, Spain. Rats were mated when they weighed 180 to 190 g, and the day in which spermatozoids were found in vaginal smears was considered day 0 of pregnancy. Pregnant rats were divided into 3 groups. In the first group, at day 19 of pregnancy, rats were subjected to an ␣-tocopheroltriglyceride load test as follows: an aliquot of blood was collected from the tail into receptacles containing Na 2 -EDTA (time 0) and a mixture of 10 mg dL-␣-tocopherol, 100 mg triolein, and 10 mg Tween-80 suspended in 0.5 mL saline was given orally by gavage. Blood aliquots of no more than 100 L were collected as above at 0.5, 1, 2, 4, 6, and 8 hours, and at 24 hours, rats were decapitated and blood from the neck wound collected into receptacles containing Na 2 -EDTA. Mammary glands and lumbar adipose tissue were rapidly excised and placed into liquid nitrogen and kept at -80°C until processed. Sex-and agematched virgin rats were studied in parallel. In the second group, pregnant rats not receiving any treatment were allowed to deliver, at which time litters were adjusted to 8 pups per dam. On the 12th day of lactation, pups were removed from half of the dams, and on day 13 of lactation, all the rats were subjected to the same oral ␣-tocopheroltriglyceride load test as above and were decapitated at its completion, corresponding to day 14 of lactation. In the third group, untreated pregnant rats were allowed to deliver, litters adjusted to 8 pups per dam, and milk yield was estimated from pup weight and weight gain on day 13 to 14 of lactation as previously described. 33 On day 14 of lactation, after being separated from their litters, dams were anesthetized with 0.5 mL/200 g of a cocktail containing 9 mg ketamine (Imalgene 500; Rhone Merieux, Lyon, France) and 0.25 mg chlorpromazine (Largactil; Rhone Poulenc, Madrid, Spain) administered intraperitoneally. Rats were injected intraperitoneally with 0.25 mL/200 g of a solution of oxytocin (2,000 IU/L Syntocimón; Novartis Farmaceutica, Barcelona, Spain), and milk was obtained with gentle hand stripping of the teats. Milk was immediately kept at -80°C until processed.
Processing of Samples
Fresh plasma aliquots were subjected to sequential ultracentrifugation for lipoprotein isolation as previously described. 34 The isolated lipoprotein fractions and whole plasma aliquots were kept at -80°C until processed. ␣-Tocopherol was measured in lipoprotein fractions, plasma, milk, mammary gland, and lumbar adipose tissue by highperformance liquid chromatography (HPLC) according to methods previously described. 27, 35 Triglycerides and cholesterol were measured in plasma and lipoprotein fractions with commercial kits (#B-7648 and #B-7576, respectively; Meranini Diagnostics, Florence, Italy). LPL activity was measured in acetone-diethyl ether delipidated tissue samples, as previously described. 36, 37 
Statistical Analysis
Data are expressed as means Ϯ SEM. Statistical comparisons were made with analysis of variance (ANOVA) followed by the Tukey test with 95% confidence limits, using Systat program (Systat, Evanston, IL). The relationship between variables was determined by Pearson correlation coefficient using the Systat program (Systat).
RESULTS
Effect of Pregnancy on ␣-Tocopherol Concentration in Plasma, Adipose Tissue, and Mammary Gland
Plasma level of both ␣-tocopherol and triglycerides were higher in 20-day pregnant rats than in virgin rats, the difference disappearing when these variables were expressed as the ␣-tocopherol-triglyceride ratio ( Table 1 ). The concentration of ␣-tocopherol in adipose tissue did not differ between pregnant and virgin rats, whereas in the mammary gland, it was significantly higher in the former (Table 1) .
Response to Oral ␣-Tocopherol and Triglyceride Load
As shown in Fig 1, oral administration of ␣-tocopherol (10 mg/rat) and triglyceride (100 mg trioleine/rat) to virgin rats caused a significant increase in both ␣-tocopherol and triglyceride plasma levels from 1 hour after the treatment, which in the case of ␣-tocopherol, lasted up to 24 hours and, in the case of triglycerides, up to 2 hours, after which values returned to those found at 0 time. A similar change, although more marked, was found in the case of the 19-day pregnant rats, in which plasma levels of ␣-tocopherol attained higher values than those of virgin rats at 0, 2, 4, 6, 8, and 24 hours after the treatment and those of triglycerides were significantly higher than those of virgins at all time points studied.
When ␣-tocopherol and triglycerides were determined in major plasma lipoprotein fractions at 24 hours after their oral administration, a different distribution was found between the 2 groups. In virgin rats, the ␣-tocopherol values were distributed in the same range among the different lipoprotein fractions, whereas triglycerides were mainly present in d Ͻ 1.006 lipoproteins (Table 2 ). However, in pregnant rats, the highest lipoprotein content of both ␣-tocopherol and triglycerides was 
NOTE. Values are means Ϯ SE of 5 rats per group. *Statistical comparison between virgin and pregnant rats (NS, not significant).
found in d Ͻ 1.006 lipoproteins, and their difference with values in virgin rats was statistically significant. The ␣-tocopherol/triglyceride ratios, however, did not differ between pregnant and virgin rats, and values were always highest in highdensity lipoprotein (HDL) followed by low-density lipoprotein (LDL) and much lower in d Ͻ 1.006 lipoproteins ( Table 2) . Twenty-four hours after the ␣-tocopherol and triglyceride load, corresponding to day 20 of gestation in the case of pregnant rats, LPL activity in the mammary gland was significantly higher in pregnant than in virgin rats, whereas the opposite change was found for LPL activity in lumbar adipose tissue, which the value in pregnant rats was significantly lower than in virgin rats ( Table 3 ). The concentration of ␣-tocopherol in adipose tissue, but not in the mammary gland, appeared significantly higher 24 hours after the oral administration of ␣-tocopherol and triolein (Table 3 ) than in rats not receiving Plasma ␣-tocopherol and triglyceride concentrations after an oral ␣-tocopherol (10 mg) and triolein (100 mg) load in virgin (E) and 19-day pregnant rats (F). Asterisks correspond to statistical differences between pregnant and virgin rats (*P < .05, **P < .01, ***P < .001), whereas the letters indicate statistical differences among different time points for the same experimental group (different letters indicate statistical differences) using Tukey's test. N ‫؍‬ 6 to 8 rats per group.
Table 2. ␣-Tocopherol and Triglycerides in Plasma Lipoproteins of Virgin and 20-Day Pregnant Rats 24 Hours After Oral Administration of
␣-Tocopherol (10 mg) and Triolein (100 mg) NOTE. Rats were given orally by gavage a suspension containing 10 mg/dL ␣-tocopherol, 100 mg triolein, and 10 mg Tween-80 in saline. They were decapitated 24 hours later, corresponding to day 20 of gestation in the pregnant rats. Values are means Ϯ SE of 6 rats per group. *Corresponds to the statistical comparisons between virgin and pregnant rats (NS, not significant, P Ͼ .05).
these treatments (Table 1 ) (P Ͻ .05). However, whereas the concentration of ␣-tocopherol in the mammary gland was significantly higher in pregnant rats than in virgin rats 24 hours after the oral ␣-tocopherol and triglyceride loads, no difference was found between the 2 groups in its concentration in adipose tissue (Table 3) , as it occurred in rats not receiving any treatment (Table 1 ). Those differences in the ␣-tocopherol concentration in the mammary gland between the 2 groups become even greater when expressed per total gland weight (1,339 Ϯ 212 g in pregnant rats and 135 Ϯ 21 g in virgin rats, P Ͻ .001), whereas no difference was found when values in the lumbar adipose tissue were corrected by total tissue weight (data not shown). When rats were studied at day 14 after parturition, those that had their litter removed 48 hours before analysis showed similar plasma ␣-tocopherol levels than lactating rats, although distribution among the different lipoproteins greatly differed between the 2 groups, being significantly higher in d Ͻ 1.006 lipoproteins and lower in LDL in the litter-removed rats than in the lactating rats (Table 4) . Plasma triglycerides were significantly higher in the litter-removed rats than in the lactating ones, the difference corresponding to a higher triglyceride concentration in all lipopoprotein fractions (Table 4) . This different change in plasma ␣-tocopherol and triglyceride concentrations also modified their ratio, being lower in total plasma, LDL, and HDL of litter-removed rats than in lactating rats, with no difference in d Ͻ 1.006 lipoproteins ( Table 4 ). As shown in Table 5 , in these same animals, LPL activity in the mammary gland plus milk appeared much lower in the litterremoved rats than in the lactating rats, whereas LPL activity in the adipose tissue appeared significantly higher in the latter than in the former group. However, whereas ␣-tocopherol in the mammary gland plus milk was significantly lower in the litter-removed rats than in those kept lactating, no differences were found in adipose tissue between the 2 groups (Table 5) . Differences in ␣-tocopherol content in the mammary gland plus milk between lactating rats and litter-removed rats become greater when expressed per total mammary gland plus that present in total milk per day, giving values of 1,309 Ϯ 92 g in the former group and 982 Ϯ 22 g in the latter (P Ͻ .01), whereas values of total lumbar adipose tissue remain similar between the 2 groups (data not shown).
Some lactating and litter-removed rats were also subjected to the oral ␣-tocopherol (10 mg) and triglyceride (100 mg) load at day 13 after parturition. As shown in Fig 2, both plasma ␣-tocopherol and triglycerides increased more intensely shortly after the oral load in the litter-removed rats than in the lactating rats to return to basal values at 8 hours in the case of ␣-to- NOTE. Rats were given orally by gavage a suspension containing 10 mg/dL ␣-tocopherol, 100 mg triolein, and 10 mg Tween-80 in saline. They were decapitated 24 hours later, corresponding to day 20 of gestation in the pregnant rats. Values are means Ϯ SE of 6 rats per group. *Corresponds to the statistical comparisons between virgin and pregnant rats (NS, not significant, P Ͼ .05). NOTE. Litters were removed in some lactating rats 48 hours prior to the study (from the 12th day after delivery), and all rats were studied at day 14 after delivery. Values correspond to means Ϯ SE of 6 to 8 rats per group. *Statistical comparisons between lactating rats and those whose pups were removed 48 hours earlier (NS, not significant).
copherol and at 4 hours in the case of triglycerides, values in the latter remaining always higher than in the former. As shown in Table 6 , at 24 hours after the oral load, ␣-tocopherol was higher in d Ͻ 1.006 lipoproteins and lower in HDL in the litter-removed rats than in the lactating rats, whereas enhanced plasma triglycerides in the former specifically corresponded to those present in d Ͻ 1.006 lipoproteins, without any difference in the other lipoproteins. The ␣-tocopherol/triglyceride ratio did not differ among the lipoprotein fractions ( Table 6 ).
As shown in Table 7 , 24 hours after the oral ␣-tocopherol and triglyceride load, LPL activity in the mammary gland plus milk remained lower and in adipose tissue higher in the litterremoved rats as compared with lactating rats. Furthermore, although the ␣-tocopherol concentration in the mammary gland changed in parallel to LPL activity, being lower in litterremoved rats than in lactating rats, it did not differ between the 2 groups in adipose tissue.
When individual values of all rats studied were considered, a significant linear correlation was found between LPL activity and ␣-tocopherol concentration in the mammary gland plus milk expressed per gram of tissue weight (LPL ϭ 14.82 ␣-tocopherol ϩ 15.7, r ϭ .53, n ϭ 51, P Ͻ .001), whereas this was not the case in adipose tissue (LPL ϭ 17.98 ␣-tocopherol ϩ 584.4, r ϭ .25, n ϭ 51, not significant), and a similar relationship was found when values from each of the experiments were considered separately (data not shown).
DISCUSSION
The present results show that during late pregnancy in the rat, enhanced plasma ␣-tocopherol parallel triglyceride levels, and that after an oral load with both ␣-tocopherol and triglycerides, both components become highly enhanced in d Ͻ 1.006 lipoproteins. Furthermore, whereas the tissue concentration of NOTE. Litters were removed in some lactating rats 48 hours prior to the study (from the 12th day after delivery) and all rats were studied at day 14 after delivery. Values correspond to means Ϯ SE of 6 to 8 rats per group.
*Statistical comparisons between lactating rats and those whose pups were removed 48 hours earlier (NS, not significant).
Fig 2.
Plasma ␣-tocopherol and triglyceride concentrations after an oral ␣-tocopherol (10 mg) and triolein (100 mg) load in 14-day lactating rats (ᮀ) and litter-removed rats (litter removed the previous 48 hours) (I). Asterisks correspond to statistical difference between litter-removed and lactating rats (*P < .05, **P < .01, ***P < .001), whereas letters indicate statistical differences among different time points for the same experimental group (different letters indicate significant statistical differences) using Tukey's test. N ‫؍‬ 8 rats per group.
␣-tocopherol parallels LPL activity in the mammary gland, which was higher in pregnant rats than in virgin rats, this was not the case in lumbar adipose tissue, in which LPL activity was higher in the latter group, but ␣-tocopherol did not differ between them. In 48-hour litter-removed rats at midlactation, mammary gland LPL activity was greatly decreased, whereas lumbar adipose tissue LPL activity was enhanced, and whereas ␣-tocopherol concentration declined in parallel to LPL activity in the mammary gland, it did not change in adipose tissue; the results were similar when animals were studied under either basal conditions or after the ␣-tocopherol and triglyceride load. These findings indicate that although during late pregnancy and midlactation, the mammary gland LPL activity plays an important role in the availability of ␣-tocopherol in the tissue, major changes in adipose tissue LPL activity do not affect the amount of ␣-tocopherol being taken by the tissue. It must then be claimed that in adipose tissue the uptake of ␣-tocopherol must depend on other factors independent of LPL changes, presumably lipoprotein receptors.
The present findings also show the efficient capability of the late pregnant rat to absorb dietary ␣-tocopherol. In fact, despite receiving the same oral dose of ␣-tocopherol and triglycerides per rat (ie, lower in pregnant rats when corrected by body weight), the increase in the plasma ␣-tocopherol level was higher in pregnant rats, the effect being even greater for plasma ␣-tocopherol than for triglycerides at short times after the load, producing an increase of the ␣-tocopherol/triglyceride ratio in d Ͻ 1.006 lipoproteins. An enhanced efficiency for intestinal absorption of triglycerides during late pregnancy in the rat has already been reported, 24 and thus the present study supports that such effect seems to be even more pronounced for ␣-tocopherol, which must contribute to the consistent increase in plasma ␣-tocopherol levels seen during late pregnancy in women, 13, 38 and as seen here, in untreated late pregnant rats. Also, consistent with the enhanced ␣-tocopherol absorption in late pregnant rats was the fact that its increase in plasma mainly corresponded to that present in d Ͻ 1.006 lipoproteins, in parallel with the changes found in plasma triglycerides.
Except for the liver uptake of ␣-tocopherol present in chylomicron remnants, the fate of plasma ␣-tocopherol in triglyceride-rich lipoproteins would be extrahepatic tissues uptake where the highest LPL activity is located, such as adipose tissue under nonpregnant conditions and the mammary gland during late pregnancy. However, the stable concentration of ␣-tocopherol in lumbar adipose tissue in virgin and pregnant rats even after its oral load found here together with the lower LPL activity in the latter would suggest that changes in LPL activity in adipose tissue do not affect the ␣-tocopherol uptake of this NOTE. At day 12 of lactation, pups were removed from same dams and on day 13 of lactation, all rats were given orally by gavage a suspension containing 10 mg/dL ␣-tocopherol, 100 mg triolein, and 10 mg Tween-80 in saline, and they were decapitated 24 hours later, corresponding to day 14 of lactation. Values are means Ϯ SE of 6 to 8 rats per group. *Corresponds to the statistical comparisons between lactating and litter-removed rats (NS, not significant, P Ͼ .05). At day 12 of lactation, pups were removed from same dams, and on day 13 of lactation, all rats were given orally by gavage a suspension containing 10 mg/dL ␣-tocopherol, 100 mg triolein, and 10 mg Tween-80 in saline. They were decapitated 24 hours later, corresponding to day 14 of lactation. Values are means Ϯ SE of 6 to 8 rats per group. *Corresponds to the statistical comparisons between lactating and litter-removed rats (NS, not significant, P Ͼ .05).
tissue. This finding is contrary to the reduction in VLDL triglyceride hydrolysis and fatty acid uptake previously seen in adipose tissue of late pregnant rats, 20 suggesting that different to what occurs with triglycerides in triglyceride-rich lipoproteins, the uptake of ␣-tocopherol by this tissue is independent of LPL activity. However, this is different to what it occurs in the mammary gland, where a parallel change in both LPL activity and ␣-tocopherol content under basal conditions and after the oral ␣-tocopherol load was found, suggesting a direct relationship between these 2 variables. Similar conclusions may be attained when analyzing the data found at midlactation in the litter removed rat. In agreement with previous reports, 30 ,39 LPL activity greatly declined in the mammary gland, whereas it increased in lumbar adipose tissue. Plasma triglyceride levels greatly increased in these animals. This effect is in agreement with previous reports, although litter removal was performed within 12 hours, 31 a shorter period of time than the 48 hours used here. This increase may be justified by the greater decline in mammary gland LPL activity, which is greater than the degree of its increase in adipose tissue. This change affected the plasma lipoprotein profile in the rats, as seen by the enhanced concentration in both ␣-tocopherol and triglycerides in d Ͻ 1.006 lipoproteins, the increase in both LDL and HDL triglycerides and the decline in ␣-tocopherol in LDL causing a significant reduction in the ␣-tocopherol/triglyceride ratio in both LDL and HDL. It also decreased the concentration of ␣-tocopherol in the mammary gland under both basal conditions and after the oral ␣-tocopherol-triglyceride load, showing that ␣-tocopherol uptake by the gland depends on LPL activity. The increase of LPL in lumbar adipose tissue of the litter-removed rats, however, does not modify the amount of ␣-tocopherol in the tissue under either basal conditions or after an oral load of ␣-tocopherol. This finding together with those mentioned above in which a decline in adipose tissue LPL activity as that seen during late pregnancy did not modify the amount of ␣-tocopherol in this tissue is consistent with the notion that unlike what occurs in the mammary gland, the uptake of ␣-tocopherol by adipose tisue is independent of LPL activity, and other mechanisms, such as the lipoprotein receptors, may be claimed as a major way for this tissue to take up ␣-tocopherol from circulating lipoproteins.
The effect of litter removal on plasma lipoprotein profile, with a specific increase in the content of both ␣-tocopherol and triglycerides in d Ͻ 1.006 lipoproteins, which become even further augmented 24 hours after the ␣-tocopherol-triglyceride load, supports a major role of the decline in the mammary gland LPL delaying the catabolism of these triglyceride-rich lipoproteins. A similar interaction was previously seen around parturition in the rat, in which the increase in mammary LPL activity was found to actively contribute to the decline in plasma triglycerides. 22 Thus, the present results show that, contrary to what occurs in adipose tissue, where LPL activity does not seem to play a role in the uptake of circulating ␣-tocopherol, during late pregnancy and lactation, changes in LPL activity in the mammary gland greatly modulate the uptake of ␣-tocopherol by the gland, also affecting the lipoprotein profile, and most likely, the fate of circulating ␣-tocopherol and triglycerides in triglyceride-rich lipoproteins.
